Abstract. Primary aldosteronism (Pa) is a secondary hypertension characterized by autonomous aldosterone hypersecretion from adrenocortical adenoma and/or hyperplasia. recently it has been suggested that aldosterone excess is directly involved in the development of cardiovascular injury in Pa independent of its hypertensive effect. The present study was designed to examine the relationship between aldosterone excess and endothelial dysfunction in Pa patients. 25 Pa patients were studied for vascular endothelial function by ultrasound measurement of flow-mediated vasodilation (FMD), and 10 Pa patients were re-evaluated 3 months after surgical or medical treatment; 10 age-, gender-, and blood pressurematched hypertensive patients served as control subjects. Percent (%) FMD in PA patients (4.6±2.0%) was significantly (p < 0.0001) lower than that in the control subjects (7.9±2.0%). %FMD showed significant (p < 0.05) negative correlations with systolic blood pressure (sbP) (r=-0.48), brachial-ankle pulse wave velocity (r=-0.52), plasma aldosterone concentration (Pac) (r=-0.42), and aldosterone-renin ratio (arr) (r=-0.42), while sbP showed a positive correlation with Pac (r=0.47). Percent FMD, SBP, PAC, and ARR significantly (p < 0.05) improved after surgical and medical treatment, although the changes of %FMD did not correlate with those of SBP, PAC or ARR. In conclusion, the present study has demonstrated that Pa patients have endothelial dysfunction, which is related to aldosterone excess and raised blood pressure, and reversible after treatment, suggesting that aldosterone excess contributes to the development of endothelial dysfunction due to its hypertensive effect and/or its direct effect on the cardiovascular system. PRIMARY aldosteronism (Pa) is a secondary hypertension characterized by autonomous aldosterone hypersecretion due to adrenocortical adenoma and/or hyperplasia. recently, accumulating lines of evidence reveal its higher prevalence (about 5-15%) among unselected hypertensive patients than previously thought [1, 2, 3] . moreover, several clinical studies have shown that Pa patients have higher incidence of proteinuria, cerebral hemorrhage, and left ventricular hypertrophy than did age-and sex-matched patients with essential hypertension despite higher blood pressure and longer duration [4, 5, 6] . These results suggest that aldosterone is directly involved in the development of cardiovascular injury by the mechanism(s) other than its sodium-water retention and hypertensive effect. however, the mechanism(s) by which excess aldosterone per se directly induces cardiovascular injury remains undetermined yet. Endothelial dysfunction is considered as an initial event in the development of cardiovascular disease [7]. Ultrasound measurement of flow-mediated vasodilation (FMD) of a brachial artery has been widely used as a non-invasive method for evaluating endothelial function based on reactive hyperemia-induced endothelial nitric oxide (no) release [8] . it has recently been reported that hypertensive patients with high plasma aldosterone concentrations (Pac) had greater impairment of FMD than those with normal PAC [9] . Furthermore, acute administration of aldosterone has been shown to inhibit acetylcholine-induced vasodilaReceived Jan. 15, 2009; Accepted Mar. 6, 2009 as K09E-014 Released online in J-STAGE as advance publication Apr. 7, 2009 correspondence to: Kyoichiro Tsuchiya, m.d., Ph.d., department of clinical and molecular Endocrinology, Tokyo medical and dental university Graduate school, 1-5-45 yushima, bunkyo-ku,
PRIMARY aldosteronism (Pa) is a secondary hypertension characterized by autonomous aldosterone hypersecretion due to adrenocortical adenoma and/or hyperplasia. recently, accumulating lines of evidence reveal its higher prevalence (about 5-15%) among unselected hypertensive patients than previously thought [1, 2, 3] . moreover, several clinical studies have shown that Pa patients have higher incidence of proteinuria, cerebral hemorrhage, and left ventricular hypertrophy than did age-and sex-matched patients with essential hypertension despite higher blood pressure and longer duration [4, 5, 6] . These results suggest that aldosterone is directly involved in the development of cardiovascular injury by the mechanism(s) other than its sodium-water retention and hypertensive effect. however, the mechanism(s) by which excess aldosterone per se directly induces cardiovascular injury remains undetermined yet.
Endothelial dysfunction is considered as an initial event in the development of cardiovascular disease [7] . Ultrasound measurement of flow-mediated vasodilation (FMD) of a brachial artery has been widely used as a non-invasive method for evaluating endothelial function based on reactive hyperemia-induced endothelial nitric oxide (no) release [8] . it has recently been reported that hypertensive patients with high plasma aldosterone concentrations (Pac) had greater impairment of FMD than those with normal PAC [9] . Furthermore, acute administration of aldosterone has been shown to inhibit acetylcholine-induced vasodila-der, blood pressure, PAC, PRA, ARR, and %FMD before treatment did not differ among the 25 patients.
Measurements of hormonal and vascular functional parameters
Pra and Pac were measured by radioimmunoassay kit using renin-riabead ® (dinabot, Tokyo, Japan) and sPac-s aldosterone ® (TFB, Tokyo, Japan), respectively. Flow-mediated vasodilation (FMD) of brachial artery was measured in all patients and control subjects using sonos 5500 (Philips medical systems, andover, ma, usa) as described [11] . Percent flow-mediated vasodilation (%FMD) and %nitroglycerin (NTG)-mediated vasodilation (%nmd) were expressed as the %increases in the maximal diameter from the baseline after cuff deflation within 120 sec, and 3 min after administration of nTG (0.3 mg), respectively. nTG was not administered in 9 Pa patients because of their cardiovascular complications. Ten Pa patients were reevaluated for FMD and blood pressure 3 months after surgical or medical treatment.
carotid artery intima-media thickness (imT) and brachial-ankle pulse wave velocity (baPWV) were measured as described previously [11] using ultrasound (Sonos 5500) and Form PWV/ABI (Omron healthcare, Kyoto, Japan.), respectively.
Statistical analysis
Data are expressed as means ± standard deviation (sd) or median (interquartile range of 25-75%). a log transformation was performed for variables that did not follow a normal distribution. The χ 2 test was used for comparing proportions of subjects in the two groups. comparison between groups was made using non-paired t test. Linear relationships between two continuous variables were tested by Pearson's correlation coefficient. Difference of values between pre-and post-treatment in Pa patients was analyzed using paired t test. all statistical analyses were performed using Windows software Prism 5.0 (GraphPad software, La Jolla, ca, usa).
Results
As shown in Figure 1 , %FMD in PA patients (4.6±2.0%) was significantly (p < 0.0001) lower than tion in healthy humans [10] . however, it remains unknown whether endothelial function is impaired in Pa patients, and whether the correction of aldosterone excess could reverse endothelial dysfunction. To address these issues, the present study was designed to investigate the relationship of endothelial function to Pac and other clinical parameters in Pa patients before and after correction of aldosterone excess by surgical and medical treatment.
Subjects and Methods

Study population and patient characteristics
This study was approved by the Ethics committee of our institute, and written informed consent was provided from all subjects before enrollment. We studied 25 Pa patients who consulted our clinics. They were treated with calcium channel blockers and/or α1-blockers during endocrinological examination. They were diagnosed as Pa based on suppressed plasma renin activity (PRA) (≤ 1.0 ng/ml/h) and elevated PAC (≥ 12 ng/dl), greater PAC to PRA ratio (aldosteronerenin ratio: ARR) (≥ 20), and suppression of PRA (< 1.0 ng/ml/h) after stimulation with furosemide-upright. For localization of PA, adrenal CT and/or selective adrenal venous sampling (aVs) were performed in all 25 patients to differentiate between aldosterone-producing adenoma (aPa) and idiopathic hyperaldosteronism (iha). Ten age-, gender-and blood pressure-matched hypertensive control subjects were recruited and studied.
The clinical characteristics of Pa patients and control subjects are shown in Table 1 . sixteen patients were diagnosed as aPa and 9 patients as iha by the localization studies. There were no significant differences of sbP and dbP between the two groups, since most of the Pa patients (n=23) have received antihypertensives for blood pressure control. Pac, arr, 24-h urinary aldosterone excretion, and baPWV in Pa group were significantly (p < 0.05) higher, and Pra was lower than the control group. There were no significant differences of gender, age, smoking, lipid profile, hemoglobin a1c, fasting plasma glucose, serum potassium, and carotid imT between the two groups.
six aPa patients had unilateral adrenalectomy and four iha patients were treated with a mineralocorticoid receptor antagonist (spironolactone). age, gen- 
Discussion
The present study has demonstrated for the first time that Pa patients had endothelial dysfunction as assessed by FMD, which was significantly correlated with baPWV, Pac and arr as well as blood pressure, and reversible after treatment for Pa.
in the present study, we have employed a non-invasive ultrasound technique for detection of endothelial function in Pa patients. measurement of brachial FMD by ultrasound has been widely accepted as a reliable method for evaluating endothelial function [7] . Previous reports have demonstrated impaired brachial FMD in patients with cardiovascular risk facin control group (7.9±2.0%), whereas %NMD was similar between two groups; there was no significant difference of %FMD between APA (4.8±2.2%) and IHA (4.3±1.6%).
To evaluate the association between %FMD and vascular and hormonal parameters in Pa patients, univariate correlation analysis was performed. as shown in Figure 2 , %FMD showed significant (p < 0.05) negative correlations with sbP (r=-0.48), baPWV (r=-0.52), Pac (r=-0.42), and arr (r=-0.42), while sbP significantly (p < 0.05) correlated with Pac (r=0.47). There were no significant correlations between %FMD and serum potassium, Pra, and 24-h urinary aldosterone excretion (data not shown).
To elucidate whether correction of aldosterone excess and/or action could reverse endothelial dysfunction, the changes of various hormonal and vascular parameters before and after surgical (n=6) or medical (n=4) treatment were examined in 10 Pa patients. as shown in Figure 3 , SBP, PAC, and ARR significantly (p C ent study, suggesting that aldosterone excess may also contribute to the development of endothelial dysfunction in Pa independent of raised blood pressure. our results are in accordance with those of a previous study showing that hypertensive patients with high PAC showed lower %FMD than those with normal PAC [9] , although PA was not confirmed in these patients. another study has also shown that patients with low renin-essential hypertension had impaired methacholine-induced vasodilation [22] . The negative correlations between %FMD and blood pressure, PAC and arr in our Pa patients suggest that endothelial dysfunction was attributable not only to hypertension, but also to aldosterone excess per se in Pa patients. The mechanism(s) by which aldosterone impairs endothelium-dependent vasodilation remains unknown. it has been shown that aldosterone directly inhibits no production by decreasing endothelial no synthase activity [23] , and increases superoxide anion generation in endothelial cells [24] . impaired endothelium-dependent vasodilation has been associated with enhanced degradation of no by superoxide anion [25] . in addition, oxidative stress induced by aldosterone has been shown to be involved in the development of cardiovascular injury in aldosterone-induced hypertensive rats [26] . Thus, it is plausible to speculate that aldosterone-induced decrease in no bioavailability and increase in ros generation are involved in endothelial dysfunction in Pa.
The improvement of %FMD after correction of aldosterone excess by surgical removal of adrenal tutors, such as essential hypertension [12] , diabetes [13] , obesity [14] , and dyslipidemia [15] . in addition, brachial FMD has been shown to reflect coronary artery endothelial function [16] and predict cardiovascular events [17, 18] . Therefore, the measurement of brachial FMD is clinically useful for detecting early endothelial dysfunction not only in cardiovascular diseases, but also in endocrine and metabolic disorders.
in the present study, baPWV in Pa patients was higher than that in the control group, and there was a negative correlation between %FMD and baPWV. Endothelial dysfunction detected as a decreased brachial FMD is recognized as an early and reversible vascular change due to impairment of endothelial no production and/or its bioavailability [7] . in contrast, increased baPWV reflects arterial stiffening due to functional and structural changes of the vasculature [19] . since endothelial no has been shown to regulate arterial elasticity [20, 21] , the negative correlation between %FMD and baPWV in this study could represent vascular changes resulting from impaired endothelial no availability in Pa.
recent studies have shown that hypertension is one of the major cardiovascular risk factors causing endothelial dysfunction [12] . in fact, positive correlations between %FMD and SBP as well as SBP and Pac in the present study suggest that aldosteroneinduced raised blood pressure could be involved in endothelial dysfunction in Pa patients. however, %FMD in PA patients was lower than that in age-and blood pressure-matched control subjects in the pres- in conclusion, the present study has demonstrated that Pa patients have endothelial dysfunction, which was related to aldosterone excess and raised blood pressure and reversible after treatment, suggesting that aldosterone excess contributes to the development of endothelial dysfunction due to its hypertensive effect and/or its direct effect on the cardiovascular system.
Acknowledgment
This study was supported in part by Grants-inaids from the ministry of Education, science, sports, culture and Technology, and the ministry of health, Labor and Welfare, of Japan. mor in aPa or its action by receptor blockade in iha by spironolactone as demonstrated in this study suggests that endothelial dysfunction associated with Pa is reversible. although we failed to observe significant correlations between the changes of %FMD and those of blood pressure, Pac and arr, possibly due to small sample numbers, the present findings suggest that improvement in both raised blood pressure and aldosterone excess could equally contribute to the improvement of endothelial dysfunction.
The limitation of the present study is the relatively small number of Pa patients and control subjects both in baseline and follow-up study, which prevented multivariate analysis from drawing a definite conclusion that aldosterone excess per se affects endothelial function independent of blood pressure. Further study using larger sample size of Pa patients before and after
